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ABSTRACT Ib ,  rows G and H) were o b t a i n e d  a f t e r  s t o r i n g  

In c h e m i c a l l y  sk inned  ch i cken  g i z z a r d  smooth the  f i b e r s  at  -20~ f o r  up to  8 weeks. For 
r e c o r d i n g  i s o m e t r i c  c o n t r a c t i o n s  smal l  f i b e r  

muscle f i b e r s  i n v e s t i g a t e d  s h o r t l y  a f t e r  bund les  (about  5 mm in  l e n g t h  and 50 to  200 Hm 
p r e p a r a t i o n ,  a c o n t r a c t i o n  may be induced  by i ~  d i a m e t e r )  were g lued  to  an AME 801 f o r c e  
ca l c i um  and c a l m o d u l i n  wh ich i s  i n d e p e n d e n t ^ o f  t r a n s d u c e r  (SensoNor,  Ho r ten ,  Norway) i n  a 
myosin p h o s p h o r y l a t i o n  at i n t e r m e d i a t e  Ca L+- n o m i n a l l y  c a l c i u m - f r e e  r e l a x i n g  s o l u t i o n  
c o n c e n t r a t i o n s .  However, f i b e r s  s to red  f o r  a c o n t a i n i n g  (mM): EGTA 4, KCI 50, MgCl 5, 
p ro longed  p e r i o d  a l so  c o n t r a c t  i n  the absence i m i d a z o l e  25, ATP I ,  c r e a t i n e  phosphat~ I ,  
o f  exogenous c a l m o d u l i n  and e x h i b i t  a c l ose  c r e a t i n e  phosphok inase  ( B o e h r i n g e r  Mannheim, 
r e l a t i o n s h i p  between f o r c e  deve lopment  and FRG)  0.4 mg/ml as we l l  as c a l m o d u l i n  at the 
myosin p h o s p h o r y l a t i o n ,  c o n c e n t r a t i o n s  i n d i c a t e d .  The pH was ad jus ted  

to2# .O ,  T = 20~ For a c t i v a t i o n  the d e s i r e d  
KEY WORDS: Smooth muscle - Sk inned f i b e r s  Ca - c o n c e n t r a t i o n  was o b t a i n e d  by a d j u s t i n g  
Ca lmodu l i n  Myosin p h o s p h o r y l a t i o n  the p r o p 2 ~ t i o n  o f  EGTA and Ca-EGTA and the 

f r e e  Ca - c o n c e n t r a t i o n  was c a l c u l a t e d  by 
u s i n g ,  a~ app~%e)nt b i n d i n g  c o n s t a n t  o f  2 x 

INTRODUCTION IO'M i c f  . A c t i v a t i n g  s o l u t i o n s  a lso  
c o n t a i n e d  c a l m o d u l i n  f rom bov ine  t e s t i s  (17) 

In smooth muscle as in  s k e l e t a l  musc le ,  the in  v a r y i n g  c o n c e n t r a t i o n s ,  as i n d i c a t e d  in  the 
c o n t r a c t i l e  p r o t e i n s  are a c t i v a t e d  by Tab le .  Maximal c o n t r a c t i l e  t e n s i o n  was 19 
i n c r e a s i n g  the i n t r a c e l l u l a r  f r e e  ca l c i um  ion N/cm2• N/cm 2 (n=5) i n  50 Nm t h i c k  f i b e r  
c o n c e n t r a t i o n ,  but  the  c a l c i u m  sensor  i s  bund les .  LC-20 p h o s p h o r y l a t i o n  was de te rm ined  
c a l m o d u l i n  r a t h e r  than t r o p o n i n .  Ca lmodu l i n  i s  i n  p a r a l l e l  in  o t h e r  f i b e r  bund les  which were 
e s s e n t i a l  f o r  smooth muscle c o n t r a c t i o n  which s u b j e c t e d  to  the same e x p e r i m e n t a l  p r o t o c o l  
i s  sa id  to  be a c t i v a t e d  by c a l m o d u l i n  excep t  t h a t  the f i b e r  bund les  were immersed in  
dependent  p h o s p h o r y l a t i o n  of  the 20,000 d a l t o n  15% i c e - c o l d  t r i c h l o r o a c e t i c  ac id  at the 
myosin l i g h t  cha in  by myosin l i g h t  cha in  d e s i r e d  t ime (20 min a f t e r  onset  of  
k inase  (MLCK) ( I ,  f o r  r e v i e w ) .  Here we r e p o r t  c o n t r a c t i o n ) .  P h o s p h o r y l a t e d  and non- 
t h a t  in  a d d i t i o n  c a l m o d u l i n  may a lso  a c t i v a t e  p h o s p h o r y l a t e d  r e g u l a t o r y  l i g h t  cha ins  were 
smooth muscle c o n t r a c t i o n  by a d i f f e r e n t  q u a n t i f i e d  by 2 D - g e l e l e c t r o p h o r e s i s  acco rd ing  
pathway which does not  i n v o l v e  the myosin to (18) and in  some expe r imen ts  a c c o r d i n g  to 
l i g h t  cha in  k inase  dependent  p h o s p h o r y l a t i o n  ( 19 ) ;  myosin l i g h t  cha in  s a t e l l i t e s  were never  
of  myos in .  The proposed new c a l m o d u l i n  observed .  
dependent  a c t i v a t i n g  mechanism appears to  be 
d i s t i n c t  f rom o t h e r  c a l c i u m  dependent  and 
myosin l i g h t  cha in  k inase  i ndependen t  RESULTS AND DISCUSSION 
a c t i v a t i o n  mechanisms of  smooth muscle 
c o n t r a c t i l e  p r o t e i n s  ( 2 , 3 , 4 , 5 )  as these are 
not  dependent  on c a l m o d u l i n .  

MATERIALS AND METHODS 

Smooth muscle s t r i p s  from the ou te r  
c i r c u m f e r e n t i a l  l a y e r  o f  f r e s h l y  d i s s e c t e d  
g i z z a r d  o b t a i n e d  i m m e d i a t e l y  a f t e r  
s l a u g h t e r i n g  the ch i cken  were immersed f o r  30 
min in  an i c e - c o l d  s o l u t i o n  c o n t a i n i n g  (mM): 
EGTA 5, KCl 50, sucrose 150, i m i d a z o l e  20 (pH 
7 .4)  and d i t h i o e r y t h r o l  2; they  were 
s u b s e q u e n t l y  sk inned  by the a d d i t i o n  of  I% 
( v / v )  T r i t o n  X-IO0 f o r  a f u r t h e r  4 hrs at 4~ 
( c f .  8, 15) .  Subsequen t l y  the f i b e r s  were 
again immersed i n t o  the T r i t o n - f r e e  
p r e s k i n n i n g  s o l u t i o n  and s to red  ( f o r  l ess  than  
1 week) i n  a s o l u t i o n  c o n t a i n i n g  50% v /v  
g l y c e r o l  and 50% r e l a x i n g  s o l u t i o n  pH 7 at 
-20~ u n t i l  used. Aged p r e p a r a t i o n s  ( c f .  Tab le  

Offprint requests to: J.C. R~egg at the above address 

To s tudy  the a c t i v a t i n g  e f f e c t s  o f  c a l m o d u l i n  
the c e l l  membrane of  ch i cken  g i z z a r d  smooth 
muscle was c h e m i c a l l y  removed by a T r i t o n  X- 
I00 s k i n n i n g  p rocedu re ,  wh ich rende rs  the 
c o n t r a c t i l e  s t r u c t u r e s  a c c e s s i b l e  to  exogenous 
c a l m o d u l i n  and o the r  p r o t e i n s .  In such sk inned  
f i b e r s ,  suspended in  ATP s a l t  s o l u t i o n  (see 
legend to  Tab le  I ) ,  c o n t r a c t i o n - r e l a x a t i o n  
c y c l e s  cou ld  be e l i c i t e d  by r a i s i n g  and 
l o w e r i n g  the f r ee  c a l c i u m  ion  c o n c e n t r a t i o n  in  
the b a t h i n g  medium. F r e s h l y  prepared sk inned  
f i b e r s  o f  ch i cken  g i z z a r d  were f u l l y  r e l a x e d  
at pCa 5.8 i f  exogenous c a l m o d u l i n  was not  
p resen t  w h i l e  the e x t e n t  of  myosin 
p h o s p h o r y l a t i o n  was low ( c f .  Tab le  I ,  row B).  
At pCa 5.8 a d d i t i o n  of  0.05 pM c a l m o d u l i n ,  
however,  caused a pronounced c o n t r a c t i o n  (75% 
max imal )  w i t h o u t  i n c r e a s e  i n  the  e x t e n t  o f  
l i g h t  c h a i n - 2 0  p h o s p h o r y l a t i o n  (Tab le  I ,  rows 
C, D). Maximal c o n t r a c t i o n  (19 N/cm 2) was 
o b t a i n e d  at pCa 5.2 w i t h  3 pM c a l m o d u l i n  which 
i nc reased  the e x t e n t  o f  l i g h t  cha in  
p h o s p h o r y l a t i o n  to  a l e v e l  o f  n e a r l y  50%. 
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Calmodulin act ivat ion of skinned chicken gizzard. 
Time course of force development of skinned f ibers from 
chicken gizzard at constant pCa 5.8 in the absence (x) 
and in the presence of increasing concentrations of 
calmodulin (CAM): 0.05 pM (O), 0.I pM (A) and 0.5 ~M 
([]). For composition of solutions cf. Materials and 
Methods. n= 5-7 fiber bundles for each CaM 
concentration 

As shown in F igu re  I ,  not  on ly  the e x t e n t ,  but 
a l so  the r a t e  o f  f o r c e  deve lopment  was 
c a l m o d u l i n - d e p e n d e n t .  This slow a c t i v a t i o n  was 
not  due to  d i f f u s i o n a l  l i m i t a t i o n s ,  s ince  the 
sk inned f i b e r s  were p r e i n c u b a t e d  w i t h  
c a l m o d u l i n  in  r e l a x i n g  s o l u t i o n  f o r  p ro l onged  
p e r i o d s  ( a p p r o x i m a t e l y  15 min) p r i o r  to  
a d j u s t i n g  the pCa to  5 .8 .  The c o n t r a c t i o n  
which cou ld  be induced by c a l m o d u l i n  and pCa 
5.8 at basal  l e v e l s  o f  myosin p h o s p h o r # l a t i o n  
was a b o l i s h e d  by t r i f l u o p e r a z i n e  ( I 0  M) and 
cou ld  be r e s t o r e d  by a d d i t i o n  o f  3 ~M 
c a l m o d u l i n .  To o b t a i n  f u r t h e r  ev idence  f o r  
c a l c i u m - c a l m o d u l i n  a c t i v a t i o n  of  c o n t r a c t i o n  
w i t h o u t  an i n c r e a s e  in  myosin p h o s p h o r y l a t i o n  
the s u b s t r a t e  ATP was r e p l a c e d  by ITP which,  
l i k e  CTP, i s  no s u b s t r a t e  f o r  MLCK, but can be 
used by the c o n t r a c t i l e  system ( c f .  6 ) .  In 
c o n t r a s t  to  sk inned gu inea  p ig  t a e n i a  col•  
(21 ) ,  in  sk inned f i b e r s  o f  ch icken g i z z a r d  de- 
p h o s p h o r y l a t e d  in  n ~ c l e o t i d e - f r e e  s a l t  
solut ions addi t ion of Mg~§ (2 mM) e l i c i t e d  
a contract ion reaching 37,8• (nB~) of the 
maximal force obtained with Mg~--ATP as 
substrate at pCa 5.2 and 3 NM calmodulin. No 
force development occurred with ITP at pCa 5.2 
in the absence of exogenous calmodulin. 

In conclusion, low concentrat ions of calcium 
and calmodulin may act iva te  smooth muscle of 
f resh ly  prepared skinned gizzard f ibers  
(stored for  less than l week in g lycero l )  to 
produce over 70% of maximal force without 
not iceable increase in the extent of myosin 
phosphorylat ion. On the contrary,  phos- 
phorylat ion-dependent contract ions were found 
in skinned f ibers  which were aged by prolonged 
(more than 6 weeks) stor ing at -20~ in 
g lycerol  containing re lax ing so lu t ion .  For 
reasons which are not yet understood the 
storage of these f ibers  changed the force- 
phosphorylation re la t i onsh ip  progressive ly .  
Af ter  about 8 weeks storage they were s t i l l  
relaxed at pCa 8 but produced 62% of maximal 
tension at pCa 5.8 even in the absence of 
exogenous calmodulin, whi le the extent of 
myosin phosphorylation rose to 42% (c f .  Table 
Ib ) .  Maximal force development occurred at pCa 
5.2 in the presence or absence of exogenous 
calmodulin. 

TABLE l 

E f f e c t  o f  c a l m o d u l i n  (CAM) on f o r c e  
deve lopment  and myosin l i g h t  cha in  
p h o s p h o r y l a t i o n  in  f r e s h l y  sk inned f i b r e s  ( a )  
and aged f i b e r s  ( I b )  

la pCa CaM (NM) Force (%) P-LC-20 
A 8 0 0 6) 8.7• 4 
B 5.8 0 0 6) 8.3• 6 
C 5.8 0.05 85.7• 7) 8.7• l 
D 5.8 0.1 89 .9 •  6) I I . 5 •  9 
E 5.8 0.5 96 .1 •  5) 29 .6•  4 
F 5.2 5 120.7•  5) 47 .8•  2 

(%) 
6) 
6) 
7) 
6) 
5) 
6) 

Ib pCa CaM Force % LC- 
(pM) (%) phosphorylation 

G (aged) 5.8 0 62.4• (5) 42.6• (5) 
H (aged) 5.2 O lO0 48.2• (5) 

Note the variable relation between myosin l ight chain- 
20 phosphorylation (in % of total LC 20) and developed 
force (given as % of force at pCa 5.2 in the absence of 
exogenous calmodulin). At pCa 8 skinned gizzard fibers 
are relaxed and the phosphorylation of myosin is basal 
(0.I Nmole phosphate/mole l ight chain), even in ~e 
presence of 0.5 NM exogenous calmodulin. I f  the Ca : - -  
concentration is increased to pCa 5.8, there is s t i l l  
no force development and phosphorylation remains at 
basal levels (cf. rows A and B) provided that no 
exogenous calmodulin is added. Addition of calmodulin 
(0.05 or O.l NM) does not increase the extent of l ight 
chain phosphorylation, but induces over 70% of the 
force (rows C and D) obtained at maximum activation 
(pCa 5.2, 5 NM calmodulin). Note that contra~ion 
induced with higher levels of exogenous CaM and Ca ~- is 
associated with a significant increase in l ight chain 
phosphorylation (rows E and F), as was also the case in 
aged fibers. 

I n c i d e n t a l l y ,  these data on aged f ibers  agree 
with e a r l i e r  experiments report ing a 
calcium-calmodulin induced contract ion in 
various kinds of skinned smooth muscle 
inc lud ing  chicken gizzard, which were found to 
be myosin phosphorylation dependent 
(6,7,9,10,11) .  We, therefore,  propose two 
mechanisms by which the calcium-calmodulin 
complex may act ivate s m o o t h  muscle 
cont rac t ion ,  one invo lv ing  ac t i va t ion  of MLCK 
and phosphorylation of a myosin regulatory 
l i g h t  chain, and the other one bypassing the 
MLCK-dependent ac t i va t ing  system. The l a t t e r  
calmodulin-dependent regulatory mechanism 
supports considerable force development 
without increased myosin phosphorylation and 
may also be involved in stress maintenance at 
low LC-20 phosphorylation in skinned ( l l )  and 
i n tac t  (20) preparations of smooth muscle. I t  
w i l l  be i n t r i g u i n g  to f ind  out whether th is  
new mechanism is th in  f i lament  l inked (12) and 
depends on the i n te rac t i on  of calmodulin with 
caldesmon (13,14), which has also been 
impl icated in the regulat ion of smooth muscle 
and non-muscle m o t i l i t y .  
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